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1. Introduction
Streamers are thin, ionized plasma channels formed by ioniz­
ation waves in an electrified gas [1–8]. They are thought to 
facilitate the formation and propagation of the lightning leader 
channel [9–13], and are the main discharge modes of sprites 
in the mesosphere, of black jets in the stratosphere and of 
gigantic jets flashing from clouds to the ionosphere [5, 14–20].
Negative polarity streamers move against the electric field 
in the direction of electron acceleration and can propagate 
in all gases by means of electron impact collisions. Positive 
streamers move against the electron acceleration and require 
an alternative ionization source to feed the discharge. In air, 
O2 is ionized by UV photons emitted by excited N2 [21–25]. 
The photons are unaffected by the field and can create elec­
trons in all directions. The electrons ahead of the ionization 
wave are accelerated into the wave and facilitate its propa­
gation [10]. The above suggests that in a pure N2 gas, posi­
tive streamers should not develop. Nevertheless, experiments 
show their formation even for impurity levels of O2 down to 
1 ppm achieved in gases used in experiments [26].
Experimental gases are not free of charged particles because 
free electrons are continuously created by cosmic rays and 
radiation from natural radioactivity. Free electrons are lost via 
attachment to neutrals, creating negative ions, and some are 
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Abstract
Streamers are ionization filaments of electric gas discharges. Negative polarity streamers 
propagate primarily through electron impact ionization, whereas positive streamers in air 
develop through ionization of oxygen by UV photons emitted by excited nitrogen; however, 
experiments show that positive streamers may develop even for low oxygen concentrations. 
Here we explore if bremsstrahlung ionization facilitates positive streamer propagation. To 
discriminate between effects of UV and bremsstrahlung ionization, we simulate the formation 
of a double headed streamer at three different oxygen concentrations: no oxygen, 1 ppm 
O2 and 20% O2, as in air. At these oxygen levels, UV­relative to bremsstrahlung ionization 
is zero, small, and large. The simulations are conducted with a particle­in­cell code in a 
cylindrically symmetric configuration at ambient electric field magnitudes three times the 
conventional breakdown field. We find that bremsstrahlung induced ionization in air, contrary 
to expectations, reduces the propagation velocity of both positive and negative streamers by 
about 15%. At low oxygen levels, positive streamers stall; however, bremsstrahlung creates 
branching sub­streamers emerging from the streamer front that allow propagation of the 
streamer. Negative streamers propagate more readily forming branching sub­streamers. These 
results are in agreement with experiments. At both polarities, ionization patches are created 
ahead of the streamer front. Electrons with the highest energies are in the sub­streamer tips 
and the patches.
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recycled via detachment from negative ions. One 3D fluid sim­
ulation shows that the UV process is effective down to 1 ppm 
O2 in agreement with experiments on streamer properties if the 
background density of O2
− is 107–109 cm−3 [27]. This, however, 
is orders of magnitude above the natural density of small ions 
at cloud altitudes [28]. A later fluid simulation in 2D cylindrical 
symmetry found that at 1 ppm O2 the results depend on the spa­
tial resolution of the simulation, the finer resolution showing 
that the UV process alone does not allow for positive streamers. 
It was suggested that there is less than one oxygen molecule per 
cell, making the fluid approx imation questionable. In that case, 
the influence of UV photons is uncertain because of the low 
oxygen density and positive streamers were found to require 
high background ionization densities [24].
Here, we explore an alternative ionization mechanism: when 
electrons are accelerated in the electric field of a streamer they 
may emit bremsstrahlung photons when they are scattered off 
the air nuclei [29–31] or shell electrons [32, 33], and the photons 
may ionize the neutral molecules provided their energy is above 
the ionization energy [34]. Although bremsstrahlung is usually 
considered for electron energies of many keV and higher, the 
cross section  for photon emission increases with decreasing 
electron energy [35]. In air, the rates of this process is 2–3 orders 
of magnitude smaller than UV ionization, however, at small con­
centrations of O2 it may be comparable or larger.
Using particle simulations we study, to our knowledge for 
the first time, bremsstrahlung effects on streamer propagation 
at various O2 concentrations, considering both positive and 
negative polarities. In all cases we perform and compare two 
simulations, one with and one without bremsstrahlung, in order 
to understand bremsstrahlung­ relative to UV photo ionization.
In section 2 we describe the simulation model and the ini­
tial conditions and in section 3 we present the electron impact, 
UV­ and bremsstrahlung processes. In section  4 we present 
the results of the simulations and in section 5 we provide some 
additional discussions.
2. The simulation model
We perform our simulations with a 2.5D Monte Carlo 
 particle­in­cell code with two spatial coordinates (r,z) and 
three coordinates (v v v, ,r zθ ) in velocity space. The simulation 
domain is cylindrically symmetric L L, 1.25, 14r z( ) ( )=  mm 
with 150 grid points in r and 1200 grid points in z. Thus, the 
grid sizes in r and z direction are approximately 8 μm and 11 
μm comparable to the grid sizes used in [24, 36]. Since we use 
a particle code, updating the position of electrons and photons 
as well as the collision with air molecules is independent of 
the actual grid. The background gas is immobile at a constant 
density. Ions are also immobile whereas electrons are acceler­
ated by the instantaneous, local electric field. The interactions 
of electrons with the neutral molecules include ionization, 
elastic and inelastic scattering, attachment and detachment, 
as well as UV and bremsstrahlung emissions using the form­
ulation of [31, 37]. The electric field is updated by solving 
the Poisson equation on the grid, accounting for space charge 
effects. The model also includes photon generation, transport 
and ioniz ation, discussed in section 3.
At the boundaries (z  =  0,Lz) we choose the Dirichlet 
condition for the electric potential r, 0 0( )φ =  and 
r L E L, z zmax amb( )φ φ= = ⋅ , and at (r  =  0,Lr) the Neumann 
condition r 0/φ∂ ∂ =  where Eamb is the ambient electric field. 
Electrons and photons that leave the domain are written off. 
We initiate a streamer with a charge neutral ionization patch at 
the center of the domain. The electron density has a Gaussian 
distribution:
n t r z n r z z0, , expe e,0 2 0 2 2( ) ( ( ( ) )/ )= = − + −  (1)
with a peak density n 10e,0 20=  m−3, width 0.2=  mm cen­
tered at z0  =  7 mm. The neutral density corresponds to stan­
dard temperature (T  =  300 K) and pressure (p  =  1 atm) (we 
here use the same values for STP as in [24]). Simulations are 
conducted in nitrogen–oxygen mixtures with 20% oxygen 
(air), with 1 ppm oxygen, and in pure nitrogen. The ambient 
electric field is pointing towards  −z and has a magnitude 
of 3Ek, where E 3.2k≈  MVm−1 is the conventional break­
down field at STP. This field magnitude is a compromise 
between a need to reduce computational time by acceler­
ating electrons fast into the energy regime relevant for the 
bremsstrahlung process, and the fields expected in stages of 
laboratory or atmospheric discharges [37, 38]. The simula­
tion domain and initial condition of the particle density are 
shown in figure 1.
The code uses two different time steps. One defines the 
time between two updates of the electric field. It is restricted 
by the Courant condition:
t xvE 1¯α∆ ∆ − (2)
Figure 1. The simulation domain and initial electron density of (1).
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where v¯ is the mean velocity of electrons in the background 
field, x∆  the mesh size, and α a parameter smaller than one. In 
the present paper we use x 12 µ∆ ≈ m, v E 237 10amb 3¯ µ= ⋅ ≈ ⋅  
ms−1, with the electron mobility 0.05µ≈  m2 V−1s−1, and 
5 10 4α = ⋅ − ; hence t 2.5 10E 14∆ ≈ ⋅ −  s. The second time step 
relates to the time between collisions. It is the time step of 
particle position and velocity updates, and collision processes. 
It is defined by the Nambu scheme:
t Nc c max
1( )γ∆ < − (3)
where maxγ  is the maximum of the total electron collision 
frequency and Nc the number of collision types taken into 
account. Generally, the second time step is smaller than the 
first one, which allows N t tE c/= ∆ ∆  collisions and particle 
updates between two updates of the electric field.
Each electron is actually a ‘computer’ electron with a 
weight of w electrons. To increase resolution and to limit 
computer resources we have implemented an adaptive par­
ticle scheme [37] conserving the charge distribution as well 
as the electron energy and momentum. To reduce computa­
tional noise we have also implemented a splitting scheme for 
computer­electrons solely populating one grid cell yielding 
maximal 100 new computer­electrons with reduced weight.
3. Ionization processes
We now discuss the three processes through which an elec­
tron with energy E can create a secondary electron: directly 
by impact collision or indirectly by UV­ and bremsstrahlung 
photoionization. They are implemented in the simulation code 
with a Monte Carlo scheme. The aim of the discussion is to 
understand their relative importance.
The ionization frequency for impact collisions, eν , is
E n v E E1oe O e,O O e,N2 2 2 2( ) ( ( ) ( ) ( ))ν χ σ χ σ= + − (4)
where n 2.6 10o 25 ≈ ⋅ m−3 is the density of air at STP, v the 
velocity of the incident electron with energy E and e,O N2 2/σ  the 
cross sections of impact ionization of molecular nitrogen and 
oxygen [39–41]. The parameter O2χ  is the relative abundance 
of oxygen molecules and (1­ O2χ ) of nitrogen molecules, i.e. 
0.2O2χ =  in air. The cross sections of oxygen and nitrogen 
are almost the same, hence the impact ionization frequency 
is weakly dependent on O2χ . The probability of an ionization 
event during a time step t∆  is then:
( ) ( )ν≈ ∆P E E t .e e (5)
New electrons are created not only through electron impact 
ionization, but also indirectly through ionization of oxygen by 
photons emitted from excited states of nitrogen:
N e N e2 2→+ +− ∗ − (6)
N N2 2 UV→ γ+∗ (7)
O O e2 UV 2→γ+ ++ − (8)
with N2
∗ an excited state of N2 and UVγ  the UV photon,
For this process we follow [37, 42] and adopt the model 
of Zheleznyak [21]. It accounts for wavelengths in the UV 
range between 980 Å and 1025 Å, corresponding to photon 
energies from 12.10 to 12.65 eV. It is a band that does not 
interact with N2 and exclusively ionizes molecular oxygen 
and is considered the dominant path where photoionization 
operates in air discharges. The photons are radiated isotropi­
cally and ionize at distances related to their mean free path 
[37]. The number of UV ionization events is estimated from 
the number of electron impact ionization events. The prob­
ability of UV ionization, PUV, is a function of the ambient 
pressure, p:
P p q p PUV e( ) ˆ( )ξ= (9)
where ξ is the relative number of events that lead to UV ioniz­
ation in the absence of quenching and q pˆ( ) is the quenching 
factor
q p
p
p p
.
q
q
ˆ( ) =
+ (10)
The quenching pressure is pq  =  30 Torr  =0.04 bar for the sin­
glet states of N2 [21] giving q p 0.04ˆ( )  at STP. The param­
eter ξ depends on the abundance of oxygen and is 0.1  in air.
For bremsstrahlung we have:
O or N e O or N e2 2 2 2 br    →     γ+ + +− − (11)
O or N O or N e2 2 br 2 2    →    γ+ ++ + − (12)
where brγ  is the emitted bremsstrahlung photon. The cross 
sections for reactions (11) are given in e.g. [29–31, 35], they 
are almost identical for nitrogen and oxygen.
In this process we follow all bremsstrahlung photons above 
12.1 eV in their motion through the ambient gas. For both UV 
and bremsstrahlung photons, a photon is fully absorbed during 
an ionization event and the kinetic energy of the emitted elec­
tron is the energy of the incident photon minus the binding 
energy of the electron.
The probability of bremsstrahlung ionization (12) is the 
convolution of the probability of producing a bremsstrahlung 
photon by an incident electron with the probability of sub­
sequent photoionization. The highest energy the photon can 
have is the incident electron energy, E, and the lowest energy 
of interest is the binding energies of the neutral molecules, 
Ei,O2 and Ei,N2. The frequency, E E,( )νγ γ , that photons in 
the energy bin Eγ are created from an electron with energy 
E E> γ is:
E E n v E E E E, , 1 ,o O ,O O ,N2 2 2 2( ) ( ( ) ( ) ( ))ν χ σ χ σ= + −γ γ γ γ γ γ
 (13)
where ,O2σγ  and ,N2σγ  are the cross sections of bremsstrahlung 
depending on the photon energy [29, 30, 43]. The frequency at 
which photons with energy Eγ photoionize the gas is:
E n c E E1oph O ph,O O ph,N2 2 2 2( ) ( ( ) ( ) ( ))ν χ σ χ σ= + −γ γ γ (14)
where c is the speed of light and ph,O N2 2/σ  the total cross sec­
tion  of photoionization [43]. The probability of photoioniz­
ation via bremsstrahlung in a time step t∆  is then:
Plasma Sources Sci. Technol. 26 (2017) 015006
C Köhn et al
4
P E E E E E t, , .br ph 2( ) ( ) ( )ν ν= ∆γ γ γ γ (15)
The total ionization frequency including all photons in the 
range Ei,O ,N2 2 to E is:
P E
E E
E E E t E
1
, d .
E
E
br
i,O ,N
ph
2
2 2 i,O2,N2
( ) ( ) ( )∫ ν ν= − ∆γ γ γ γ (16)
In the equation we have used a short hand notation where the 
lower limit of integration is E 12.1i,O2 =  eV for the oxygen 
contribution and E 15.6i,N2 =  eV for the nitrogen contribution.
The probabilities of the three processes to generate ioniz­
ation are shown in figure 2 as functions of incident electron 
energy for t 0.01∆ =  ps, a time interval in the order of a 
Monte Carlo time step. The curves are for STP conditions 
with 0.2O2χ =  (air) and with 10
−6. Impact ionization and 
bremsstrahlung induced ionization are each represented by 
a single curve as their probabilities depend weakly on O2χ . 
In pure nitrogen, UV ionization is nonexistent and otherwise 
we assume it proportional to O2χ  according to (9). We see 
from the figure  that impact ionization dominates, and when 
in air, that UV ioniz ation is orders of magnitudes larger than 
bremsstrahlung ioniz ation. At lower ambient pressures, as at 
higher altitudes, UV quenching will decrease and UV ioniz­
ation increases to even higher values relative to bremsstrahlung 
ionization. We further note that for 10O
6
2
χ = − , bremsstrahlung 
induced ioniz ation dominates over UV ionization.
The figure  also shows the mean free path Λ of electrons 
for the impact ionization process (full) and the mean free path 
of photons for the photoionization process as function of the 
photon energy (dot). Since photoionization is the dominant 
process for photons between 10 and 1 keV, the dotted curve 
approximately also shows the mean free path of a photon in 
air. For photon energies below 1 keV the mean free path for 
photoionization ranges from 0.1 mm to 1 cm. In comparison, 
the mean free path of UV photons with energies of approxi­
mately 15.6 eV, is smaller than 1 mm. Hence, photoioniz­
ation by bremsstrahlung photons with energies above 15.6 eV 
covers a wider spatial range than the photoionization by UV 
photons with energies of up to 15.6 eV.
We add here that the treatment of UV photoionization, in 
previous literature [37, 42] and here, is not consistent because 
it assumes that photons above 12.65 eV will not ionize the gas 
because they are assumed to be absorbed by N2 [7, 44]. As a 
consequence, in previous models, only photons with energies 
between 12.1 and 12.65 eV, are supposed to ionize oxygen 
whereas there is no UV photoionization of molecular nitrogen 
at all. Yet, we find that bremsstrahlung photons with energies 
above 12.65 eV indeed create ionization. At this point we are 
not able to offer a more consistent model for UV ionization.
4. Results
Streamer simulations were carried out for three oxygen 
mixing ratios, 0.2, 10O
6
2
χ = −  and 0. To understand the influ­
ence of bremsstrahlung, the simulations were conducted with 
and without bremsstrahlung. The electron density is shown 
in figure 3 in the (r,z) domain at three time steps (columns) 
and for the three mixing ratios (rows). In all panels the left 
half of each domain shows results with bremsstrahlung and 
the right half without. The electric field (3Ek) is pointing 
downwards such that the positive polarity is propagating 
downwards and the negative upwards. The maximum time 
simulated is given by the time that boundaries of the domain 
begin to interfere with the results. As supplementary material 
we provide movies showing the complete temporal evolution 
of the electron density. We note here that the actual shape of 
the electron density profile may look different if they had been 
simulated with a three dimensional Monte Carlo code, but that 
the filaments which we observe would still exist and that in 
the following the overall microphysical interpretation of the 
observed phenomena is independent of the dimensionality of 
the used Monte Carlo code.
The top row is for 0.2O2χ =  where UV ionization domi­
nates over bremsstrahlung ionization. We see that both 
10-12
10-10
10-8
10-6
10-4
10-2
20 102 103
χO2=0.2
χO2=10
-6
P
E [eV]
10-6
10-5
10-4
10-3
10-2
10-1
101 102 103
Λ 
[m
]
E [eV]
Figure 2. (Top) The probability, P, that an electron, in a time 
interval t 0.01∆ =  ps, will ionize directly through impact ionization 
(solid) or indirectly via UV ionization (dot) or bremsstrahlung 
induced ionization (dash). The probabilities are for 0.2O2χ =  
(air) and for 10−6, as functions of the incident electron energy E. 
Only UV­ionization has a significant dependence on O2χ  and is 
represented by two curves. (Bottom) The mean free path, Λ, of 
electron impact ionization as a function of the electron energy (full), 
and for photoionization as a function of the photon energy (dot) in 
molecular nitrogen.
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polarities propagate with ionization well ahead of the streamer 
body. This is caused by UV ionization, and since it reaches the 
boundaries rather quickly, the simulations are halted after 0.49 
ns. Interestingly, although the probability of bremsstrahlung 
ionization is lower than UV ionization by an order of magni­
tude or more, when bremsstrahlung is included, both polari­
ties appear to propagate slower with less ionization ahead 
of the streamer body. The velocities of the streamer fronts 
are shown in figure 4 as functions of time. We see how the 
streamers accelerate as they form, reaching  ≈3.9 106⋅  m s−1 
and  ≈4.8 106⋅  m s−1 for the positive and negative polarities 
without bremsstrahlung and  ≈3.3 106⋅  m s−1 and  ≈4.2 106⋅  
m s−1, i.e.  ≈15% lower, when bremsstrahlung is included.
It has been suggested that streamer velocities depend on 
the radius of the streamers and the electric field magnitude at 
the streamer front [45]. The field structure in our streamers is 
shown in the r,z­plane in figure 5 for the same times and in the 
same format as for the densities in figures 3(a)–(c). The elec­
tric field magnitude and the geometry of the streamer fronts 
do not appear significantly different, however both densities 
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
Figure 3. The electron density at different time steps and for different O2χ . The left half of each domain is with the bremsstrahlung process 
included and the right half without. The rows are from the top 0.2, 10 , 0O
6
2
χ = − . The columns are for different times. The ambient electric 
field is pointing downwards. (a) t  =  0.12 ns. (b) t  =  0.36 ns. (c) t  =  0.49 ns. (d) t  =  0.41 ns. (e) t  =  0.74 ns. (f ) t  =  1.48 ns. (g) t  =  0.49 ns. 
(h) t  =  0.83 ns. (i) t  =  1.48 ns.
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and fields have higher levels of fluctuations than seen in fluid 
codes. We discuss later if this is a numerical effect or a real 
physical effect. Figure 6 shows the electric field profile in (a) 
air and (b) with 1 ppm oxygen only as a function of z after dif­
ferent time steps with and without bremsstrahlung. The shape 
of the field in air resembles the shape of the electric field given 
in the previous literature, e.g. in [37]. We observe that the field 
at the streamer head declines smoothly; the field increase from 
the interior to the streamer heads happens within approxi­
mately 100 μm which is much larger than the grid size of 
approximately 10 μm. This indicates that the grid size is fine 
enough to resolve the field gradients sufficiently well.
Turning instead to the electron energies, we find a clue. In 
figure 7 the cumulative probability Pe to have electrons and the 
rate Pe ν⋅ γ of bremsstrahlung photon production with energies 
above E with and without bremsstrahlung is shown at t  =  0.12 
ns (a) and 0.49 ns (b). We see that at the earlier time, the high­
energy tail above approximately 10 eV is more pronounced 
when bremsstrahlung is excluded. We interpret this as an 
effect of increased energy loss of electrons to bremsstrahlung 
photons. Hence, these electrons are lost from the subset of 
precursor electrons and there is less electron impact ionization 
and according to our model less UV photoionization. Since UV 
photoionization in air is one of the driving forces for streamer 
propagation [22], this implies a less significant acceleration 
of the streamer front if the bremsstrahlung process is turned 
on. We observe this tendency already for time steps when the 
electric field is the same with and without bremsstrahlung (a), 
but this effect is still present for later times (b).
In the above, we have discussed the influence of 
bremsstrahlung in air where UV ionization dominates over 
bremsstrahlung ionization. We next turn to gas mixtures at 
low levels of oxygen corresponding to the two lower rows of 
figure 3. Here we see a completely different picture with the 
branching of the negative streamer fronts and also the positive 
fronts that propagate with difficulty, as expected. To explore 
further the processes at the fronts we first turn to the positive 
tips which are shown in figure 8 for the same time steps as in 
figure 3 with 10O
6
2
χ = −  in the top row and 0O2χ =  at the 
bottom. From the right part of the panels which are without 
bremsstrahlung, we see that the positive streamer front is not 
moving during the time of this simulation, in agreement with 
simulations of others, as described earlier. In the top row, we 
see that the small amount of oxygen has the effect of building 
a thick space charge region in the tip where the field reaches 
values above 6Ek. It is possible that the layer will break down 
and sub­streamers be formed if the simulations are run for 
longer duration. On the left half of the plots, which includes 
bremsstrahlung, we see a markedly different dynamics of sub­
streamers emerging from the front, propagating and branching 
into new sub­streamers. It is most noticeable when oxygen is 
included (top), but also appears to some extent with no oxygen 
(bottom). The electric field at the tips of these sub­streamers 
reaches almost 10Ek, a value that allows electrons to be accel­
erated to 100 eV where the cross sections for ionization maxi­
mize, and even above into the runaway regime.
For the case of no oxygen and with bremsstrahlung (bottom, 
left half of each panel) sub­streamers are also formed, but 
propagate slower. One sub­streamer is developing from the 
edge of the flattening streamer front and propagates radially 
and perpendicular to the ambient field. The exact location 
and development of sub­streamers are of course a stochastic 
problem in a situation with few ionization events. However, 
our results overall suggest that the apparent contradiction 
between experiments that show that positive streamers prop­
agate in nitrogen–oxygen admixtures with 1 ppm oxygen 
and simulations showing no propagation [24, 27] is resolved 
by including bremsstrahlung into the simulations.
We next study in more detail the formation of the first 
sub­streamer appearing in the nitrogen­oxygen mixture with 
a 1 ppm oxygen. In figure  9 we have combined the density 
(top row), the electric field distribution (middle) and the 
electron energies (bottom) at t  =  0.25,0.36 and 0.43 ns. All 
electrons at positions below z  =  7 are plotted as a function 
of their energies. On the left panel, electrons reach about 
80 eV in the streamer front that is being established, with a 
few electrons at higher energies. Electrons are also present 
ahead of the streamer front down to z 5.75≈ . These are elec­
trons in the sub­streamer channel that is being formed from 
a few localized electrons from bremsstrahlung induced pho­
toionization, accelerating towards the front creating new elec­
trons by impact ionization. They are seen in the density plot 
of the top row, but are at first too few in number to affect 
the electric field. In the middle panel, the main streamer front 
has grown and the electrons have reached higher energies and 
higher numbers in the front (z 6.15≈ ). The sub­streamer has 
also developed. It has retracted a little in z, but the number of 
electrons has increased significantly, thus affecting the elec­
tric field distribution; however, their energies are modest. In 
the right column, the streamer front is now located in the sub­
streamer, with a large number of electrons around z 5.9≈  and 
with high energies, reaching well above 100 eV. At later times, 
the sub­streamer branches as shown in figure 8. Comparing 
the results with and without bremsstrahlung we conclude that 
bremsstrahlung facilitates the propagation of positive streamer 
fronts and the acceleration of electrons to energies reaching 
into the runaway regime.
 0.5
 1
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
 5
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Figure 4. The velocity of the negative and of the positive streamer 
front in air with and without the bremsstrahlung process as a 
function of time.
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Figure 5. The electric field in air. From left to right: t  =  0.12,0.36 and 0.49 ns corresponding to the density plots of figures 3(a)–(c).
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Figure 6. The electric field profile as a function of z in (a) air and in (b) a nitrogen–oxygen mixture with 1 ppm oxygen on the symmetry 
axis (r  =  0) with and without bremsstrahlung after different time steps.
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Figure 7. The probability Pe to have an electron above energy E and the rate Pe ν⋅ γ of bremsstrahlung photon production above 12.1 eV in 
air after (a) t  =  0.12 and (b) 0.49 ns.
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The electric field distribution of the negative streamer 
fronts are shown in figure  10 at times corresponding to 
figure  3 for 10O
6
2
χ = −  in the top row and 0O2χ =  at the 
bottom. We see a similar picture as for the positive front, 
with negative streamer channels forming with high elec­
tric fields at their tips. This basic structure is independent 
of bremsstrahlung and UV ionization and must be fun­
damental to electron impact ionization. However, when 
photoioniz ation is added, either from UV or bremsstrahlung 
photons, the branches (or sub­streamers) grow more readily. 
The photoionization creates seed electrons ahead of the 
streamer front and these lead to further ionization. The key 
to the difference between nitrogen admixed with low oxygen 
contents and of air is simply the relatively large amount of 
photoioniz ation in air which prevents streamer branching, at 
least during the short time of our simulations.
Figure 9. The electron density (first row), the electric field (second row) and the energy of computer­electrons (third row) for 
bremsstrahlung with 10O
6
2
χ = −  after t  =  0.25,0.36 and 0.43 ns.
(a) (b) (c)
(d) (e) (f)
Figure 8. The electric field at the positive streamer front for 10O
6
2
χ = −  (top) and 0 (bottom) after different time steps. (a) t  =  0.41 ns. (b) 
t  =  0.74 ns. (c) t  =  1.48 ns. (d) t  =  0.49 ns. (e) t  =  0.83 ns. (f) t  =  1.48 ns.
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If one considers the probabilities of photoionization via 
oxygen versus bremsstrahlung (figure 2) it is surprising that 
oxygen concentrations at the level of 10O
6
2
χ = −  can make 
such a difference to streamer dynamics as the probability is 
1–2 orders lower than for bremsstrahlung. We can understand 
this effect by looking at the total number of (real) electrons 
in the simulation domain as a function of time, as shown in 
figure  11. We show the numbers for bremsstrahlung only 
( 0O2χ = ), UV photoionization only without bremsstrahlung 
( 10O
6
2
χ = − ) and for both processes together ( 10O
6
2
χ = − ). 
When the two processes are taken separately, we see that the 
electron numbers are similar, with a slightly higher number 
with bremsstrahlung. As shown by figure  2(a), the domi­
nant mechanism for the production of new electrons in the 
considered gas mixtures, is electron impact ionization. Thus 
the important role of UV photoionization or bremsstrahlung 
induced photoionization is not to create a large amount of 
ioniz ation, but to catalyze impact ionization. If the two pro­
cesses are taken together, however, the number density grows 
more rapidly because of the additional possibility of electron 
creation and their effect is more than just catalytic.
A final point to be made concerns the production of high­
energy electrons. As noted in the discussion of positive sub­
streamers, these focus the electric field to very high values 
at the streamer tips, creating patches of high densities and 
fields dislocated from the main streamer body. One example is 
shown in the top, right panel of figure 10 for the case without 
bremsstrahlung. These regions accelerate electrons to ener­
gies up to  ≈4 keV, in our simulations. The high­energy fluxes 
appear not to be sensitive to the bremsstrahlung process or the 
concentrations of oxygen.
Figure 10. The electric field at the negative streamer front for 10O
6
2
χ = −  (top) and 0 (bottom) corresponding to the density plots of 
figures 3(d)–(i).
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Figure 11. The number Ne of real electrons as a function of time 
for pure nitrogen with bremsstrahlung (Ne, 0χ= ) and for a nitrogen–
oxygen mixture with 1 ppm oxygen (Ne, 10 6χ= − ) with and without 
bremsstrahlung.
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5. Discussion
It appears that the bremsstrahlung process may solve the 
enigma of how positive streamers may propagate in pure or 
almost pure nitrogen. There may, of course, be other effects 
that allow this propagation, for instance cosmic ray ionization 
of the nitrogen gas that creates seed electrons ahead of a posi­
tive streamer [27], just as bremsstrahlung from the the streamer 
electrons does in our simulations. One should also remember 
that, although these simulations follow the complete physics 
including electron dynamics, there are limits to the resolu­
tion of electrons, which can be coalesced to larger computer­ 
electrons. To minimize this problem we have adapted the 
scheme of [37] in the way described in section 2. Nevertheless, 
when the results depend on few ionization events, the sto­
chastic nature cannot be ignored. To this we offer the following 
considerations. As figure 5 demonstrates, the stochastic nature 
leads to rather noisy field tips at the streamer heads in air after 
0.49 ns. However, the noise is present independent of the 
inclusion of the bremsstrahlung process and, hence, does not 
affect our conclusions. We here also note that we implemented 
a splitting scheme of superelectrons as described in section 2, 
thus the production of the filaments presented in figures 3(f) 
and (i) is rather physical than due to pure computational noise.
The simulations presented here are for a background 
field of 3Ek which may be considered rather large. We have 
chosen this value to accelerate the physics thereby reducing 
the computational time. At lower fields we expect the overall 
conclusion to stand, that is that bremsstrahlung facilitates the 
propagation of positive streamer fronts, that both negative 
and positive fronts move slower in air when bremsstrahlung 
is included and that sub­streamers are formed at low oxygen 
levels. The electric fields in the fronts of the streamers and 
sub­streamers may, however, be reduced in magnitude and the 
acceleration of electrons less pronounced.
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